Design of a drying system for a rollover carwash machine using CFD  by Sabet, Seyyed M.M. et al.
H O S T E D  B Y Available online at www.sciencedirect.comhttp://dx.doi.org
2288-4300/& 20
(http://creativeco
nCorrespondin
E-mail addre
sabet@dem.umin
Peer review uJournal of Computational Design and Engineering 3 (2016) 398–413
www.elsevier.com/locate/jcdeDesign of a drying system for a rollover carwash machine using CFD
Seyyed M.M. Sabeta,n, Jorge Marquesb, Rui Torresb, Mario Novab, João M. Nóbregac
aMIT Portugal Program, University of Minho, 4800-058 Guimarães, Portugal
bPetrotec, Parque Industrial da Ponte, Pav. C2, 4805-661 Guimarães, Portugal
cInstitute for Polymers and Composites (IPC/i3N), University of Minho, 4800-058 Guimarães, Portugal
Received 29 March 2016; received in revised form 4 July 2016; accepted 5 July 2016
Available online 11 July 2016Abstract
This work describes the design and development of a new drying system for a rollover carwash machine with the support of numerical tools.
The drying system is composed of a pair of stationary vertical dryers and a moveable horizontal dryer that can adjust itself to the contour of a
vehicle. After the deﬁnition of the dryers’ concept, their performance was assessed individually to check their internal ﬂow pattern and to improve
their airﬂow distribution. These issues are expected to provide feedback on redesign and geometric optimization of the dryers. After redesign of
the dryers separately, the behaviour of the complete drying system was studied on actual vehicle models, representative of the shortest and tallest
dimensions that can be washed with the existing carwash machine sector. The drying efﬁciency of the whole system was studied by calculation of
shear stress distribution on various surfaces of a given vehicle. The results allowed concluding that the overall drying performance of the design
system is very good and assure adequate drying on most vehicles surfaces. The results obtained from numerical studies were then validated with
experimental measurements and a good agreement was found between the two. The procedure employed in this work can be applied to support
the design and analysis of other mechanical drying systems.
& 2016 Society of CAD/CAM Engineers. Publishing Servies by Elsevier. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Car washes make up a 5 billion dollar a year industry that
employs approximately 350,000 people only in the United
States and the global market for the car washing services is
forecast to reach over $27.4 billion by 2017 [1]. According to a
study done by the International Carwash Association, there are
more than 3 billion professional washes per year in the US [2].
These statistics highlight the scale and the importance of the
car washing industry.
The design of an independent drying system for carwash
machines dates back to late 1960s and early 1970s. Cirino's
patent [3] encloses one of the earliest designs for a blower
equipment of a rollover carwash in 1976. Schleeter et al. [4]/10.1016/j.jcde.2016.07.001
16 Society of CAD/CAM Engineers. Publishing Servies by Elsevi
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Society of CAD/CAM Engineers.patented a concept based on a drying system and stripper cloth.
Larson et al. [5] proposed a drying equipment for an automatic
carwash composed of two vertical dryers and a top horizontal
one, similar to the most current carwash dryers. Belanger et al.
[6] gave one of the earliest drying systems concepts in which
the dryer can adjust itself to the contour of the vehicle. Other
patent works [7,8] developed automatic control systems and
electronic devices for car washing dryers.
One of the main design patents for a rollover carwash was
proposed by Schleeter [9], which is a portable apparatus
comprising of an upright U-shaped system. In this invention,
the vehicle is held stationary at a designated position between
rails and a travelling frame moves on the rails past the vehicle
body. The travelling frame is ﬁrst moved in one direction so
that the body is washed, and then in reverse to dry the vehicle.
Fig. 1 shows an automatic rollover carwash machine that
works based on the same approach manufactured by the
company in which this work was carried out.er. This is an open access article under the CC BY-NC-ND license
Fig. 1. The front and rear views of a recent rollover carwash machine.
Fig. 2. The horizontal dryer position relative to a vehicle's contour [10].
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car washing machines is composed of two ﬁxed vertical dryers
on the sides, which are accommodated in the columns and fed
by two centrifugal fans, and also a movable horizontal dryer
with two centrifugal fans mounted at each end. While the
vertical dryers are ﬁxed and mounted to the structure, the
horizontal dryer can move vertically and is controlled by a set
of sensors, which detect the presence of a vehicle on the
washing bay and enable the dryer to follow its contour and
precisely position relative to its surface [6], as shown in Fig. 2
from a major carwash manufacturer, the distance from the tip
of the horizontal dryer to the vehicle's surface is adjustable and
usually set between 10 and 20 cm [8].
Understanding the mechanism of water droplet expulsion
from surfaces provides a useful guidance for an efﬁcient
design of the drying system and evaluating its efﬁciency.
The adhesion of a droplet onto a solid surface is observed in
two types: (1) normal and (2) lateral. The normal adhesion is
the adhesion required to detach a droplet from a substrate in
perpendicular direction, such as the force to cause the droplet
to ﬂy off from the surface. The lateral adhesion refers to the
force required to slide a droplet on the surface, for example, to
move it to another location [11]. The most relevant mechanism
for water droplet expulsion, for drying of a vehicle, is thelateral adhesion. The relation between a droplet diameter and
airﬂow velocity required to detach it, has been the subject of
several studies [12–15]. The available relations [12,13] were
adapted in this work to obtain a relation between the wall shear
stress and the droplet expulsion, and were used to evaluate the
drying efﬁciency of the new drying system designed in
this work.
The ideal drying system of a carwash machine effectively
forces the water droplets downwards away from the roof and
sides of the vehicle. However, as the geometry of the vehicle,
its surface topography and the distance between the car and the
rollover vary from one vehicle to another, there is no perfect
design for a dryer that can be efﬁcient for all vehicle types.
Consequently, there is usually a trade-off between the quality
of the drying and the vehicle size/type. One of the main
drawbacks of the most rollover dryers is inadequate drying
performance on the lower lateral regions of the vehicle close to
the bumpers and rocker panels.
There is no report on the performance assessment of car
washing drying system using numerical methods in the
literature. The objective of this work is to design a new drying
system for a rollover carwash machine in order to improve
lateral drying efﬁciency, while maintaining a satisfactory
drying on the horizontal and roof surfaces using numerical
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to be improved by redesign and optimization.
Initially the new drying system concept is presented. The
boundary conditions, the computational domain, and meshing
used in the numerical studies are later explained. Then a
water droplet expulsion criterion is established as an index for
evaluating the drying efﬁciency of the new concept. Then, the
results are presented for individual dryers and the full drying
system. Finally the conclusions drawn from numerical studies
are presented and compared with experimental measurements.
2. Drying system design
Both horizontal and vertical dryers are intended to have an
efﬁcient airﬂow to expel all water droplets on different vehicle
surfaces, and therefore they need to be designed in a way to
identify their optimum geometry. The main objective of the
design of a drying system is to maintain a better airﬂow
velocity and distribution pattern over vehicle surfaces.
The geometry of the dryers is restricted to the overall
dimensions of the rollover machine; how the drying system is
connected and supported by the structure; and the internal space
inside the structure that accommodate the dryers. Fig. 3(a, b)
shows the vertical and horizontal dryers concept developed for
this work. Both dryers are equipped with 3 kW fans (the technicalFig. 3. (a) The vertical dryer concept, (b) the horizontal dryer [dimensions in mm],
views of the drying systems impliﬁed for numerical studies.features of the fans used in the dryers are presented in Annex 1).
The horizontal dryer's outlet has an area of 1850 18 mm2, while
that of the vertical ones is 1100 18 mm2.
Fig. 3(c) shows a schematic layout of the entire drying
system relative to a given vehicle. The four circles, whose
centers are marked with stars (*), represent the ventilator fans.
As the efﬁciency of new drying system is to be determined,
a set of numerical studies was carried out to evaluate the
effectiveness of the drying on various vehicles. In order to
simplify the model and to save computational time and
resources, the ventilator's fans were deleted and instead their
equivalent ﬂow rates were considered at their outlets. The
inlets have the exact same inlet ﬂow properties of the engines;
and therefore this simpliﬁcation is not expected to have any
effect on the accuracy of the results. Fig. 3(d) shows the
standard views of the drying system simpliﬁed for numerical
studies.
3. Case studies
In order to study the drying effectiveness of the new drying
system for droplet removal, a number of numerical studies
were carried out. Initially, the horizontal and vertical dryers
were modelled individually to study their internal ﬂow pattern,
and then the efﬁciency of the complete drying system for water(c) the position of the entire drying system relative to a vehicle, (d) the standard
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analysed by calculation of shear stress distribution on various
vehicle surfaces. The results obtained from numerical studies
were then compared against experimental measurements.3.1. Fluid ﬂow model
The numerical studies were performed in SOLIDWORKS
Flow Simulation. The air was selected as the ﬂuid in the
general setting of the software. The ﬂuid ﬂow inside the
internal duct system is incompressible. All the calculations
were done at room temperature (20 1C) and the heat conduc-
tion was disabled in the software (mechanical drying).
The ﬂow model used in this work is in steady state, as the
magnitude and direction of dryer's airﬂow is constant through-
out the computational domain with respect to time (versus the
transient ﬂow where the magnitude or direction of the ﬂow
changes over time).
The External analysis was used, which concerns the ﬂow
not bounded by outer solid surfaces, but only by the
computational domain boundaries. If one wants to analyse
both internal and external ﬂows simultaneously, the analysis is
treated as an External one. In this case, the solid model (or the
carwash machine) is surrounded by the ﬂow.
SOLIDWORKS solver is based on the Navier–Stokes
equations, as formulations of mass (Eq. (1)), momentum (Eq.
(2)) and energy (Eq. (3)) conservation laws [16]:
∂ρ
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ðτijviÞ ð3ÞFig. 4. The boundary conditions and computational domSOLIDOWORKS is able to consider both laminar and
turbulent ﬂows. Laminar ﬂows occur at low Reynolds num-
bers, while turbulent ones have higher Reynolds values. The
turbulent ﬂows are solved by the Favre-averaged Navier-
Stokes equations. Based on the literature [17], the ventilators
ﬂow (used in this work) is a medium turbulence case in which
turbulence intensity is in the range of 1–4%, which was
considered in all the case studies of this work.3.2. Drying system computational model
As the behaviour of the employed fans is known (ﬂow rate:
2830 m3 h1), they were not considered in the computational
model. An imposed ﬂow rate boundary condition was con-
sidered in the numerical model, by using the fan ﬂow rate
obtained from their datasheet (Annex 1).
In order to deﬁne the boundary conditions, a ﬂat surface large
enough to cover the whole computational domain was created
which acts as the ﬂoor (shown in Fig. 4). The no-slip boundary
condition [18] was applied on the computational domain surfaces.
Due to symmetry reasons and in order to save computational time
and resources, only half of the domain was considered in all the
studies. The computational domain and boundary conditions
employed for the horizontal and vertical dryers are presented in
Fig. 4(a) and (b), respectively. The full drying system was also
simulated in a similar manner using symmetry conditions.3.3. Computational mesh
SOLIDWORKS ﬂow simulation has the ability to adapt the
computational mesh to the solution during the calculation. The
solver splits the mesh cells in regions with high-gradient ﬂow
and merges the cells in the low-gradient ones, yielding more
accurate results, while minimizing the computational effort [19].
For the mesh sensitivity analysis of the horizontal dryer,
4 different mesh levels (coarse: M1, medium: M2, ﬁne: M3ain used for (a) horizontal and (b) vertical dryers.
Table 1
The number of cells (in thousands) for the mesh sensitivity analysis of the
horizontal dryer.
Mesh level M1 M2 M3 M4
Number of cells Fluid 10.6 83.4 486.3 940.9
Solid 0 0 0.2 33.5
Partial 4.9 37.1 190.4 414.9
Total 15.5 120.6 677 1389
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Fig. 5. The average airﬂow velocity of the horizontal dryer versus the number
of cells (distance: 150 mm).
Table 2
The number of cells (in thousands) for the mesh sensitivity analysis of the
vertical dryer.
Mesh level M1 M2 M3 M4
Number of cells Fluid 7.8 51.1 473 1027
Solid 0 0 6.5 76.9
Partial 3.5 29.323 195.3 408.1
Total 11.3 80.5 675 1512
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Fig. 6. The average airﬂow velocity of vertical dryer versus the number of
cells (distance: 150 mm).
Fig. 7. The surfaces studied for the mesh sensitivity analysis of the full drying
system.
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the number of cells in each direction (8 times in volume) than
M1, while M3 had 4 times the number of cells in each
direction than the coarse one and 64 times in volume. For M4,
the number of cells was nearly twice that of M3. The number
of cells after meshing ﬂuid, solid and partial regions is listed in
Table 1. The partial cells in Table 1 (and the rest of the paper)
refer to those that have some of their volume occupied by a
solid and the rest with the ﬂuid, while the other two are
occupied with only solid or ﬂuid.
The mesh sensitivity analyses were based on calculation of
average velocity versus mesh quality. Fig. 5 shows the average
velocity on the mid-plane of the horizontal dryer at a 150 mm
distance from its outlet (shown with an index above the ﬁgure).
As it can be seen, the average velocity is nearly the same for
M3 and M4. Based on the results, it was concluded that M3
and M4 are accurate for the studies on the horizontal dryer.
The ﬁnal mesh selected (M3) contained approximately
486,000 ﬂuid, 190,000 partial and 677,000 total cells.
The same meshing strategy was applied for the vertical
dryers. Similarly, 4 different mesh levels (M1, M2, M3, M4)
were used. The mesh M2 had twice the number of cells of M1
in each direction (8 times in volume). The total number of cells
in M3 and M4 was approximately 64 and 128 times than the
number of cells in M1. Table 2 lists the number of cells in each
meshing level.
Fig. 6 shows the average airﬂow velocity on the mid-plane
of the vertical dryer at a 150 mm distance along the outlet
(shown with an index). As it can be seen, the average velocityis nearly the same for M3 and M4. Based on the results, mesh
M3 was selected for all the studies on the vertical dryers. This
mesh contained approximately 473,000 ﬂuid, 195,300 partial
and 675,000 total cells.
The mesh sensitivity analysis for the complete drying
system was based on plotting the average shear stress on the
external vehicle surfaces that are important in the drying stage.
These surfaces are shown and named in Fig. 7 on a simpliﬁed
Volkswagen pickup van as 1, 2, 3 (roof-top, side window and
door/rocker panels, respectively).
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six different meshing levels were used, as listed in Table 3.
Fig. 8 shows the average shear stress for the three surfaces
shown in Fig. 7 as the number of cells (or mesh quality). As it
can be seen, the plot remains constant for the three surfacesTable 3
The number of cells (in thousands) for the mesh sensitivity analysis of the full
drying system.
Mesh level M1 M2 M3 M4 M5 M6
Number of cells Fluid 17.9 30.2 167.5 376.7 1163 1879
Solid 3.9 8.3 11.5 9.9 37.3 98.6
Partial 11.5 23.7 89.4 179.0 409.9 650.7
Total 33.4 62.2 268.5 565.7 1610 2628.3
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Fig. 8. The average shear stress distribution versus number of cells on the
three surfaces (1, 2, 3) shown in Fig. 7.
Fig. 9. The ﬁnal mesh selected for (a) the horizonafter approximately 1.5 million cells. As the result, the ﬁnal
mesh selected for the full drying system was M5 that contained
approximately 1,160,000 ﬂuid, 409,000 partial and 1,610,000
total cells.
Fig. 9 shows the ﬁnal meshing selected for the horizontal,
vertical and the full dryers. As it can be seen, the mesh
surrounding the dryer is fairly coarse, but in regions of solid/
ﬂuid interfaces is much ﬁner to improve the accuracy of the
results where it is needed. This mesh has nearly 10 cells across
the outlet channel in all the cases.
3.4. Selection of the computational domain
The effect of computational domain size on the accuracy of
the numerical results was studied for the individual and the full
drying system. For this means, the horizontal and vertical
dryers with 3 different computational domain sizes: small
(CD1), medium (CD2) and large (CD3) were investigated. For
the full drying system, two different computational domain
sizes were studied: small (CD1) containing only the dryers and
the desired region around the dryers and large (CD2) which
contained the entire vehicle length. The same meshing,
selected after the sensitivity analyses were used in all the
studies. The results showed that the computational domain size
does not affect the accuracy of the results [2].
3.5. Water droplet expulsion criterion
For a given ﬂuid moving along a solid boundary, due to the
ﬂow restriction promoted by the boundary, there is a shear
stress caused by the ﬂuid on that boundary layer [18]. The
shear stress over a given face is representative of water droplet
expulsion on that face [20]. In order to convert the equivalenttal, (b) vertical and (c) the full dryer studies.
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Fig. 10. The shear stress versus airﬂow velocity (distance: 150 mm).
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surface, Blasius equation [21] is used:
τxy ¼
0:332ρV2
ﬃﬃ
υ
p
ﬃﬃﬃﬃﬃﬃﬃ
V :x
p ð4Þ
where υ is the kinematic viscosity of the air
(1.51 105 m2/s at 20 1C), ρ the density of air (1.2 kg/m3
at 20 1C), x distance and V denotes the airﬂow velocity [22].
Eq. (4) can be re-written to express airﬂow shear stress at
20 1C, as follows:
τxy ¼
0:001547V2ﬃﬃﬃﬃﬃﬃﬃ
V :x
p ð5Þ
Eq. (5) gives the shear stress as a function of airﬂow
velocity and distance. Fig. 10 shows the relation between shear
stress and airﬂow velocity obtained from Eq. (5) at the distance
of 150 mm (the relative distance of the dryers to the vehicle).
Theodorakakos et al. [13] results for airﬂow velocity versus
droplet diameter were used in order to obtain the relation
between shear stress and the droplet size. By substituting the
shear stress at a given airﬂow velocity (from Fig. 10), the
relationship between the shear stress as a function of droplet
diameter may be obtained.
Fig. 11 shows the resulting plot of shear stress versus water
droplet diameter obtained at a distance of 150 mm. As the
droplet becomes larger, the drag force increases rapidly as
compared to the holding surface tension force, which explains
the negative slope of the plot in Fig. 11.
Fig. 11 can be used as index for water droplet expulsion
from surfaces of the vehicles. The area above this curve is the
safe region for water droplet expulsion; meaning that for a
given droplet size, the shear stress values higher than this
curve would remove that droplet. For instance, a shear stress of
approximately 0.17 Pa is required to detach a 1 mm droplet on
a horizontal surface. For the case of vertical surfaces, as
gravity is in favour of the detachment, the required shear stress
value for droplet removal is even lower that the curve
presented here. As the result, the drying is effective in bothhorizontal and vertical surfaces, as long as the shear stress
value is above the curve shown in Fig. 11.3.6. Studies performed
Initially, the horizontal and vertical dryers were studied
separately. The main purpose of these studies was to check the
effect of the shape and geometry on the overall performance of
each dryer. Also, the complete drying system was studied to
ensure the efﬁciency of the drying system and expulsion of
water droplets from the vehicle surfaces. Two representative
car geometries of Volkswagen pickup van and Smart were
considered. The drying efﬁciency was studied on these two
vehicles because they are representatives of the shortest and
tallest vehicles (1500 and 2100 mm, respectively) that can be
used in the carwash machine (the overall dimensions of these
two vehicles is presented in Annex 2).
Fig. 13. The velocity distribution on the mid-plane of the horizontal dryer.
Fig. 14. The position of the internal ﬂap inside the horizontal dryer (a). The velocity proﬁles obtained from horizontal dryer for various X (b); and Y (c) values
(distance: 150 mm).
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4.1. Horizontal dryer
Fig. 12 shows the airﬂow velocity proﬁles obtained at 0, 50,
100, 150 mm distances from the horizontal dryer outlet.
Fig. 13 shows the velocity distribution on the mid-plane of
the horizontal dryer. The arrows represent the velocity direc-
tion and their size is the magnitude of velocity. It can be seen
that the velocity drops down near the left side of the dryer.In order to improve the drying on the lateral sides of the
vehicle, an attempt was made to direct the airﬂow inside the
horizontal dryer using an internal ﬂap. As shown in Fig. 14(a),
the distance of the ﬂap to the upper edge and the farthest outlet
corner (X and Y) were deﬁned by a trial and error method
through a set studies and analysis of the resulting airﬂow
pattern and velocity proﬁle of the dryer.
A number of these studies are presented in Fig. 14(b, c),
which show the velocity proﬁles (at a distance of 150 mm) for
various X and Y values. The studies showed that reducing X,
Fig. 15. The velocity distribution on the mid-plane of the proposed horizontal dryer with ﬂap.
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middle. Additionally, increasing X, reduces the effect of the
ﬂap. Also, Y cannot be too large, since it will not have any
effect for reinforcing the airﬂow in the corner and cannot be
too short either, as it will block the approaching airﬂow and
cause recirculation.
The ﬂap with X¼60 mm, Y¼350 and R¼350 mm was
shown to improve the airﬂow velocity in the left corner, while
maintaining a satisfactory one in the right side. Fig. 15 shows
the velocity distribution on the mid-plane of the horizontal
dryer with the optimized ﬂap. As it can be seen the velocity is
reinforced in the region between the ﬂap and the left corner
where it is expected to help lateral drying.
Fig. 16 shows the airﬂow velocity proﬁles at 150 mm
distance from horizontal dryers with and without ﬂap. As itcan be seen, the velocity is reinforced about 25–30 km/h in the
region between the ﬂap and the corner; however, it has
decreased after the ﬂap.4.2. Vertical dryer
The vertical dryers play an important role in drying lateral
surfaces of the vehicle. If the airﬂow is directed towards the
side mirrors, instead of lower regions such as wheels and
bumpers, these regions will be left with water droplets on
them. If their airﬂow is pushed downwards, the side glass and
mirrors will not be dried effectively. As the vertical dryers are
ﬁxed inside the structure of the rollover machine, their distance
to the vehicle depends on the width of the vehicle. This
Fig. 18. The velocity distribution on the mid-plane of the vertical dryer (a) without and (b) with the proposed ﬂaps. (c) The airﬂow velocity proﬁles of the vertical
dryer along the outlet with 201 and 301 ﬂaps (distance:150 mm).
S.M.M. Sabet et al. / Journal of Computational Design and Engineering 3 (2016) 398–413 407distance was considered about 150 mm based on the largest
vehicle in the car ﬂit segment.
Fig. 17 shows the velocity proﬁle of the vertical dryer
obtained at the outlet (0 mm) and 150 mm distance from the
outlet. It can be seen that the velocity at the outlet (D¼0 mm)
is slightly increasing from the upper tip of the outlet to the
lower one. This is while the velocity is nearly constant at
150 mm in this region.
Fig. 18(a) shows the velocity plot on the mid-plane of the
vertical dryers. As it can be seen, the velocity is higher at the
left side of the duct as compared to the right side.An attempt was made to improve the airﬂow pattern of the
vertical dryer using internal ﬂaps to direct the airﬂow as
desired. Similar to the horizontal dryer case study, several trial
and error experiments were carried out to deﬁne the optimum
geometry and number of ﬂaps. An example of these studies is
presented in Fig. 18(c), which compares the airﬂow velocity of
the vertical dryers along their outlets at 150 mm distance with
201 and 301 ﬂaps.
The results showed that the most effective ﬂaps are the
ones at the outlet duct. A set of 4 ﬂaps was aligned in a way
to make a 451 angle with the dryer's outlet and have the same
S.M.M. Sabet et al. / Journal of Computational Design and Engineering 3 (2016) 398–413408distance from each other (200 mm). Running the same study
with the vertical dryer with the optimum ﬂaps showed a better
distribution as illustrated in Fig. 18(b). It can be seen that the
internal ﬂow is very similar in the two cases, but the external
airﬂow distribution has been pushed downwards and directed
towards lower areas of the vehicle. This is important for
drying the rocker panels and lower regions (close to the
ground) where lack of drying efﬁciency is usually observed in
most car washing machines.
Fig. 19 shows the airﬂow velocity proﬁles at 150 mm
distance from vertical dryers with and without proposed ﬂaps.
It is notable that due to the law of mass conservation, it is not
possible to increase the airﬂow velocity in all the regions for0
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Fig. 19. The airﬂow velocity proﬁles along the outlet of the vertical dryer
without/ with ﬂaps (distance: 150 mm).
Fig. 20. The shear stress distribution on (a) the lathe proposed dryer with ﬂaps. Therefore, as it can be seen in
Fig. 19, the velocity is higher at the tip of the ﬂaps (peaks) and
lower in the regions in-between.4.3. Full drying system
4.3.1. Drying performance on Volkswagen van
Fig. 20 shows the shear stress distribution with the proposed
drying system on the lateral and roof surfaces of the
Volkswagen pickup van (VW). It can be seen that shear stress
at the immediate impacted regions of the outlets is lower as
compared to the areas surrounding it. Since the vehicle is
stationary and the rollover is moving along, the regions with
lower shear stress will be covered by higher values by the
passage of the drying system.
The same ﬁgure evidences that drying on the roof and lateral
glass and doors is very effective. This refers to the area marked
in Fig. 20(b). The shear stress level on the rocker panels is
lower than upper parts and is in the range of 0.95–3 Pa, which
is in the safe area of Fig. 11 for water droplet expulsion on
horizontal surfaces.
Fig. 21 shows shear stress distribution of the frontal parts
(bumper and headlight surfaces) on the same VW. As it can be
seen, the shear stress is very well distributed on the lateral
sides in both cases and therefore drying is expected to be very
effective in these regions. Fig. 21(b, c) shows the shear stress
on the headlights. It can be seen that shear stress here is
enough for water expulsion; however, the lower edges of
bumpers and rocker panels possess lower shear stress values,
as compared to headlights. This limitation is not a designteral and (b) rooftop surfaces of Volkswagen.
Fig. 21. The shear stress distribution on the lateral (a) and frontal (b, c) surfaces of Volkswagen.
Fig. 22. The shear stress distribution on the lateral (a) and roof top (b) surfaces of Smart.
Fig. 23. The shear stress distribution on (a) the lateral and (b, c) frontal surfaces of Smart.
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horizontal dryer cannot descend any further.4.3.2. Drying performance on Smart
Fig. 22 illustrates the shear stress distribution on the lateral
and roof surfaces of a Mercedes Benz Smart. The shear stress0
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Fig. 24. The numerical and experimental velocity proﬁles of the horizontal
dryer (distance: 150 mm).
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Fig. 25. The numerical and experimental velocity proﬁles of the vertical dryer
(distance: 150 mm).
Fig. 26. The front and rear views of the drying sysvalues in these regions range from about 0.9 to 1.5 Pa, which
is in the safe area of Fig. 11 for water droplet expulsion.
Similar to Volkswagen pickup van, the immediate impacted
regions of the outlets exhibit lower shear stress values as
compared to the areas surrounding it. By the passage of the
dryer, the regions with lower shear stress will be covered by
higher values. It can also be seen from Fig. 22 that shear stress
levels on the lateral sides of the Smart vehicle is lower
compared to lateral surfaces of Volkswagen, shown in Fig.
21(a). This is mainly due to the shorter width of Smart and
hence longer distance from the vertical dryers.
Drying on the roof of Smart is very efﬁcient. The regions
near rocker panels and below the doors in this ﬁgure exhibit
lower shear stress, which is because Smart is closer to the
ground level as compared to Volkswagen and therefore they
exert lower shear levels.
Fig. 23 presents the shear stress distribution on the lateral
and frontal surfaces of Smart vehicle. It can be seen that
similar to previous case study; the lateral shear stress level is
far above the level provided in Fig. 11 and hence satisfactory
for water removal on these surfaces.
It is notable that the drying efﬁciency depends on the
vehicle geometry. Based on the stress distribution results, the
new drying system exhibits excellent performance on all
horizontal, roof, and upper surfaces of both vehicle represen-
tatives. The drying efﬁciency is satisfactory on most lateral and
lower surfaces.
5. Experimental validation
In order to verify the numerical results, a number of
experimental tests were done to measure the airﬂow velocity
along the horizontal and vertical dryers outlets. The numerical
and experimental results were then compared to check the
accuracy of the results.
In order to measure the airﬂow velocity of the dryers, a
simple digital anemometer was used and moved along the
outlets of the dryers (keeping 150 mm distance) and then
values were recorded every 100 mm and then plotted.tem after installation on the rollover structure.
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numerical studies and experimental measurements at 150 mm
along the outlet of horizontal dryer. As, it can be seen, there is
a good agreement between the experimental and numerical
results. The average velocity from experimental studies was
around 68 km/h, while that of the numerical one was about
57 km/h. The error calculated is about 15%, which could be
due to the accuracy of the anemometer used and the difﬁculties
of keeping it at the exact correct position while the dryers are
working.
Fig. 25 shows the airﬂow velocity proﬁles obtained from
numerical studies and experimental measurements at a 150 mm
distance along the outlet of vertical dryer. The comparison of
experimental and numerical results shows a good agreement.
The average velocity from numerical results was about
76.5 km/h, while that from the experimental ones is approxi-
mately 87.5 km/h. The error calculated between the two is
about 12%.
The accuracy levels of 15% and 12% respectively for
horizontal and vertical dryers, is in acceptable range as
compared to the results by Martinović et al. [23] where they
report an average difference of about 8% and maximum of
15% between the numerical and experimental results for a
wood drying process. Also, Levy and Borde [24] report a
maximum relative error of 20% among the numerical and
experimental results at an outlet of a pipe for a pneumatic
drying case study.
There are dryers in the market equipped with retractable,
extendable or adjustable blowers such as air discharge units
[25] or more speciﬁcally car washers with retracting blowers
[26]; however, these solutions are available at considerably
higher prices and demand sophisticated electro/mechatronic
systems. The solution proposed in this work is a simple and
inexpensive design proposal that has efﬁcient drying results on
various vehicles.
The new drying system was successfully prototyped and its
efﬁciency was checked on various vehicles’ geometries. Fig.
26 shows the front and rear views of the ﬁrst prototype of the
drying system after installation on the structure.
The velocity of the machine is dictated by the electric board
and powertrain system and is about 10 m/min for the washing
passage and approximately 5 m/min in the drying stage (for
both with/without ﬂap types). The rollover is ﬁrst moved in
one direction to perform drying, and then in reverse by the
actuation of a limit switch disposed at the extremity of the
rails. As the result, a passage of drying on a VolkswagenModel Velocity (r/
min)
Maximum current
permissible (A)
Instal
(kW)
CMP-1025-
2T-4
2895 10.57 3pickup van (with 5 m in length) takes about 60 s, while that on
a Smart takes about 30 s.6. Conclusions
The main objective of this work was to design a new drying
system for a rollover carwash machine and additionally to
improve the drying efﬁciency on various vehicle surfaces.
After deﬁning the dimensions of the new drying system,
numerical studies were done to improve the performance of
the dryers, using internal ﬂaps that would direct the airﬂow to a
speciﬁc region, to yield a more effective drying for individual
dryers. The geometry and optimum position of the internal
ﬂaps for the dryers were deﬁned by several studies to yield a
better airﬂow distribution.
The behaviour of the full drying system was studied on
actual vehicle models, representative of the shortest and tallest
sizes in the car ﬂit market by studying the shear stress
distribution on the vehicle surfaces. The results allowed
concluding that the overall drying performance of the design
system is very good, and assure proper drying on most vehicle
surfaces.
Additionally due to size difference between a large and
small vehicle, the drying efﬁciency of a large vehicle is higher
than that of a small one, which is mainly due to the distance to
the vertical dryers. The drying efﬁciency on a given vehicle is
expected to be in the range of Mercedes Benz Smart and a
Volkswagen pickup van, as the smallest and largest vehicles in
the market that can be washed with the present carwash
machine. The results of this work can be applied to support the
design and analysis of other mechanical drying systems.Acknowledgements
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The dryer's fans used in this work were centrifugal single-
inlet, medium pressure fans. The technical speciﬁcations of the
fans were as follows:led power Maximum ﬂow
(m3/h)
Sound pressure
(dB)
Weight
(kg)
2830 77 37.6
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